The development of resistance to linezolid (LZD) in gram-positive bacteria depends on the mutation of a single 23S rRNA gene, followed by homologous recombination and gene conversion of the other alleles. We sought to inhibit this process in Staphylococcus aureus using a range of antibacterial agents, including some that suppress recombination. A model for the rapid selection of LZD resistance was developed which allowed the selection of LZD-resistant mutants with G2576T mutations in all five copies of the 23S rRNA gene following only 5 days of subculture. The emergence of LZD-resistant isolates was delayed by exposing cultures to low concentrations of various classes of antibiotics. All antibiotic classes were effective in delaying the selection of LZD-resistant mutants and, with the exception of fusidic acid (FUS) and rifampin (RIF), prolonged the selection window from 5 to ϳ15 days. Inhibitors of DNA processing were no more effective than any other class of antibiotics at suppressing resistance development. However, the unrelated antimicrobials FUS and RIF were particularly effective at preventing the emergence of LZD resistance, prolonging the selection window from 5 to 25 days. The enhanced suppressive effect of FUS and RIF on the development of LZD resistance was lost in a recA-deficient host, suggesting that these drugs affect recA-dependent recombination. Furthermore, FUS and RIF were shown to be effective inhibitors of homologous recombination of a plasmid into the staphylococcal chromosome. We suggest that RIF or FUS in combination with LZD may have a role in preventing the emergence of LZD resistance.
The development of resistance to linezolid (LZD) in clinical isolates of Staphylococcus aureus and enterococci involves the generation of mutations in one of the multiple 23S rRNA gene copies targeted by the drug, followed by homologous recombination between the remaining 23S rRNA gene copies, i.e., a process of gene conversion (15, 18, 30) . In addition to LZD resistance, gene conversion has also been implicated in the emergence of resistance to penicillin in pneumococci (4, 23) and, possibly, also in the emergence of resistance to macrolides in staphylococci, which, like LZD resistance, appears to result from alterations to rRNA operons (26) .
There has been previous interest in exploring ways in which the development or spread of resistance to an antimicrobial agent might be blocked at the genetic level, e.g., by suppressing the emergence of point mutations with antimutagenic agents, disrupting horizontal DNA transfer (5, 25, 32, 33) , or promoting the curing of plasmids by chemical agents (3, 16, 24, 32, 33) . However, the possibility of inhibiting gene conversion events to suppress the emergence of resistance has not been explored. We have examined a variety of antimicrobial agents, including those that inhibit DNA processing, for their ability to interfere with the development of LZD resistance in S. aureus. Spiral plating techniques, which require successive serial transfers in the presence of LZD for many weeks, have been required to detect the homologous recombination events that generate stable LZD r mutants of S. aureus (29) . To provide a better method for screening for potential suppressors of LZD resistance, we developed an in vitro system using saturated stationary-phase cell cultures which permitted the rapid selection of LZD resistance in S. aureus. We found that low levels of any secondary drug exerted an effect on the development of LZD resistance. Although antibiotics with a known effect on DNA processing showed no advantage over other antimicrobial classes, rifampin (RIF) and fusidic acid (FUS) were particularly effective at suppressing the emergence of LZD resistance. These agents appear to suppress the recombination-based acquisition of LZD resistance in S. aureus to a greater extent than the other classes of antibiotic.
(Parts of the work presented in this paper were communicated at the 44th and the 45th Interscience Conferences on Antimicrobial Agents and Chemotherapy [19, 20] .)
MATERIALS AND METHODS
Bacterial strains, antibiotics, plasmids, chemicals, and growth media. The strains used in this study are described in Table 1 . Unless indicated otherwise, the chemicals and antibiotics used in this study were from Sigma-Aldrich (Poole, United Kingdom). Ciprofloxacin (CIP) and moxifloxacin (MXF) were gifts from Bayer Pharmaceuticals (Leverkeusen, Germany), gemifloxacin (GMF) was a gift from LG Life Sciences (Mt. Prospect, IL), rufloxacin (RUF) was a gift from B. Oliva (University of l'Aquila, Aquila, Italy), and LZD was a gift from Pfizer (Kalamazoo, MI). Mueller-Hinton broth (MHB) and Mueller-Hinton agar were from Fisher (Loughborough, United Kingdom).
Determination of susceptibility to antimicrobial agents. MICs were determined by broth microdilution according to BSAC guidelines (2) in MHB. The MIC was defined as the lowest concentration of antibiotic that completely inhibited visible growth after 18 to 24 h of incubation at 37°C. The concentrations of antibiotics causing a 50% reduction in the bacterial growth rate (IC 50 s) were determined by culture absorbance methods, as described previously (21) .
Development of LZD r mutants. Bacteria (Table 1) were grown in MHB to stationary phase and then exposed to LZD at 4ϫ the MIC for 6 h. Following LZD exposure, an aliquot (5 l) of the culture was transferred into fresh drugfree medium and the cycle was repeated. Following each cycle, the MIC of LZD was determined for a sample of the culture. When the MIC reached 32 g/ml, the culture displayed a LZD resistance phenotype equivalent to that for strain KM187 (which has five mutated copies of the 23S rRNA gene carrying the G2576T mutation) ( Table 1 ) and the subculture was terminated. Each subculture experiment was performed four times, and the time to the emergence of resistance was averaged to the nearest day.
Suppression of LZD resistance. To examine the potential for secondary agents to suppress the emergence of LZD resistance, subculture experiments were performed as described above in the presence of 0.25ϫ the IC 50 of one or more secondary agents. IC 50 s were used in preference to MICs due to their greater reproducibility.
Independent genotyping of all five 23S rRNA gene alleles. The 23S rRNA gene alleles were amplified by PCR, and the amplicons were sequenced by the method of Tsiodras et al. (31) .
Determination of recombination frequencies. Recombination assays were modified from the method described by Prunier and Leclercq (26) . The sodA gene from Staphylococcus saprophyticus, which is 85% identical to the corresponding gene in S. aureus RN4220, was amplified by PCR with the following oligonucleotide primers: 5Ј-AAGCTTTGGACGTTTATTTTGGTATT and 5Ј-AAGCTTTTACCTTATGGTTTTGATGC (the engineered restriction sites are underlined). The resulting PCR amplicon was ligated into pCL52.1 (14) , propagated in Escherichia coli XL1-Blue, and then introduced into RN4220 by electroporation (27) . The frequency with which the S. saprophyticus sodA gene recombined with the chromosomal sodA gene in RN4220 after 24 h of growth at 42°C (the restrictive temperature for plasmid replication) was measured by recovering putative integrants on agar containing tetracycline (TET; 3 g/ml). Antimicrobial agents were tested for their effects on recombination by adding them to the 42°C culture at a low concentration (0.25ϫ the IC 50 ).
RESULTS AND DISCUSSION
Rapid recovery of LZD r mutants from strain RN4220 and further phenotypic and genotypic analyses. Successive exposure of stationary-phase S. aureus cultures to LZD facilitated the rapid recovery of resistant mutants (Fig. 1A) . Accordingly, within 5 days of exposure of S. aureus strain RN4220 to LZD, cultures contained organisms able to survive in the presence of 16 g LZD/ml; i.e., there was a fourfold decrease in susceptibility compared to that of the original starting culture. Individual colonies recovered at the 5-day time point were designated strains KM50, KM51, and KM187; and one strain, recovered at 3 days, was designated KM183 ( PCR amplification and sequencing revealed that strains KM50, KM51, and KM187 possessed a G2576T mutation in all five copies of the 23S rRNA gene. The G2576T mutation has previously been implicated in the resistance of clinical isolates to LZD (11, 18) , and the possession of multiple G2576T mu- tations is believed to occur by recombination-dependent bacterial gene conversion (18) . In contrast, KM183 had three copies carrying the G2576T mutation. Recombination status influences recovery and nature of LZD r mutants. The prominence of multiple G2576T mutations in the 23S rRNA genes of the RN4220 LZD r derivatives recovered during the successive subculture procedure suggested that recombination-dependent gene conversion was the principal mechanism for the emergence of LZD resistance. Further evidence for this hypothesis was obtained by using recAdeficient strain KB103 (Table 1) . In contrast to the situation with RN4220, 12 days of subculture was required to recover LZD r mutants from the recA-deficient mutant, i.e., a further 7 days over that required to recover LZD r mutants from RN4220 ( Fig. 1A and C) . Two individual LZD r derivatives of strain KB103, designated strains KM52 and KM53 (Table 1) , were recovered for further analysis.
The MIC of LZD for strains KM52 and KM53 was 32 g/ml. KM52 possessed three 23S genes with a G2576T mutation, one 23S gene with a T2500A mutation, and one 23S gene with a G2447T mutation. KM53 also had three 23S genes with the G2576T mutation and one gene with a G2447T mutation; however, the final gene had no mutations in the resistancedefining region. Therefore, in contrast to the LZD r derivatives of strain RN4220, the KB103 derivatives displayed a heterogeneous pattern of resistance genotypes and appeared to depend partially upon mutations other than those involving gene conversion for the expression of LZD resistance.
Delaying the emergence of LZD resistance by incubation in the presence of other antimicrobial agents at sub-MICs. Recently, Tsakris et al. (30) observed that the exposure of S. aureus to sublethal levels of NOV, an antimicrobial agent that interferes with the supercoiling of DNA (17) , suppresses the emergence of LZD resistance. This observation suggests that agents with the ability to interfere with the processing of DNA could inhibit the development of LZD resistance in S. aureus and might also have a wider application in preventing other gene conversion processes that confer antimicrobial resistance. However, the studies reported (30) were limited to the examination of NOV alone, and experiments with further DNA processing inhibitors and other classes of antimicrobial agents were not performed. Consequently, we examined the effects of secondary antimicrobial agents of various classes on the development of LZD resistance in S. aureus strains RN4220, strain KB103, and a clinical isolate, EMRSA-15.
With the exception of FUS and RIF, all of the agents, including those that inhibit DNA processing, suppressed the emergence of resistance for similar periods of time (the emergence of LZD r variants at 14 to 18 days for RN4220 and the emergence of LZD r EMRSA-15 at 15 to 16 days); FUS and RIF both prolonged the length of subculture required for the emergence of LZD resistance to 25 days in the RN4220 background and 24 days in the EMRSA-15 background (Fig. 1A  and B) . This pattern was also observed for the development of high-level LZD resistance in LZD intermediate-resistant strain KM183 (Fig. 1D) . The use of a combination of FUS and RIF did not further delay the emergence of LZD resistance (data not shown). RIF and FUS were also able to extend the period for recovery of LZD r mutants in recA-deficient strain KB103, extending this from 12 days in the absence of a secondary agent to 20 days in the presence of RIF or FUS (Fig. 1C) . However, in the recA-deficient strain, GMF and ERY were also equally effective in suppressing the emergence of LZD resistance (Fig.  1C) . Inhibitors of DNA processing, including various fluoroquinolones and NOV, were no more effective than other classes of antimicrobial agents in suppressing resistance in our model. Indeed, RIF and FUS, which do not directly interfere with DNA processing, were the most effective agents in suppressing the development of resistance to LZD. This was not simply due to the suppression of growth by the secondary agents because the concentrations used were insufficient to affect the growth rates of the organisms (data not shown). The apparent differences in the efficacies of the secondary agents in suppressing the emergence of LZD r could reflect the selection of variants resistant to the second agent during subculture. However, the coselection of resistance to the second agents did not occur during the subculture period (data not shown).
We believe that our rapid procedure for the selection of LZD r mutants in recombination-proficient hosts reflects gene conversion and is representative of the events that occur under clinical selection pressure. Accordingly, LZD r mutants recovered in vitro with levels of resistance similar to those of the clinical isolates possessed, like their clinical counterparts, G2576T mutations in all rRNA operons. Furthermore, dependency on recombination for the generation of multiple G2576T mutations in wild-type strains was demonstrated by the heterogeneity of the LZD resistance mutations arising in recA-deficient host KB103. These single-site mutations in KB103 are probably the result of independent point mutations in 23S rRNA (15) . The G2576T mutations in KB103 might have arisen from successive independent point mutations or may be the consequence of recA-independent recombination activities, which appear to occur in S. aureus (7) .
Role of recombination in suppression of resistance. An assay to determine recombination frequencies based on the system developed by Prunier and Leclercq (26) , which involves integration of the sodA gene into the staphylococcal chromosome, was used to examine the level of recombination in strain RN4220 and the influence of exposure to low concentrations of antimicrobial agents (Table 2) . TET, GNT, CIP, and NOV, which prevented the emergence of LZD resistance for 14 to 18 days in RN4220, had a moderate effect on recombination, whereas FUS and RIF, which suppressed the emergence of LZD resistance for 25 days, reduced the level of recombination to approximately 30% of that seen in the absence of an antimicrobial. The ability of FUS and RIF to suppress recombination was maintained in the presence of LZD ( Table 2) .
The data presented here suggest that FUS and RIF are particularly effective inhibitors of recombination, possibly mediated by effects on RecA activity. Effects on RecA are consistent with the observation that the preferential activity of FUS and RIF in preventing the emergence of LZD resistance in wild-type strains was lost in recA-deficient host strain KB103, since GNT, ERY, and CIP were all as effective as FUS or RIF under these conditions (Fig. 1C) . We attempted to measure recA transcription following exposure to FUS, RIF, TET, and LZD using reverse transcription-PCR. The levels of transcription were not significantly different under any of these conditions (data not shown). The complexity of the regulatory system controlling RecA activity (6) suggests that it will be difficult to identify how FUS and RIF affect RecA-mediated processes. However, it is unlikely that antibiotics with different primary modes of action and no structural similarities would have the same effect on RecA-mediated recombination.
Conclusions. The data presented here further strengthen the conclusion that LZD resistance in S. aureus depends on recombination for rapid development. However, to our knowledge, the evidence presented is the first to show that low concentrations of FUS and RIF are particularly effective in suppressing bacterial recombination. These observations could have clinical utility in preventing the emergence of LZD resistance driven by recombination. Although to date the development of resistance to LZD in S. aureus has been observed only rarely, the potential for resistance clearly exists, particularly with long-term oral therapy when the focus of infection remains (18) . FUS, RIF, and LZD all exhibit good tissue penetration (22) . Thus, if combination therapy with LZD and either RIF or FUS was employed, bacteria would likely be exposed to relatively high tissue concentrations of secondary agents. This should minimize the chance of mutant selection that is seen when either RIF or FUS is used as monotherapy (9, 10) . Furthermore, our results suggest that the ability of RIF and FUS to suppress recombination is maintained in the presence of LZD, which would be a necessary requirement for the proposed combination drug strategies. Our findings should be extended to studies with other bacteria, notably, coagulasenegative staphylococci and enterococci, where LZD resistance has been seen more commonly (12) (18, 28) . b Defined as the number of putative integrants recovered on agar containing 3 g TET/ml as a proportion of the number of the integrants recovered from the drug-free (no drug) control. 
